Enterococci exhibiting high-level resistance to gentamicin were first reported by French investigators in 1979 (6, 11) . Subsequently 4.5% of clinical isolates of enterococci from patients in a large university hospital in the United States (18) and 13% of isolates from a large hospital in Thailand (20) were found to be gentamicin resistant. We observed the first clinical isolate of Streptococcus faecalis with high-level resistance to gentamicin at the University of Michigan Hospital in late 1981. Resistant isolates were infrequent until late 1984, but they now account for 13% of all enterococci. High-level resistance to gentamicin is plasmid mediated and results from the production of aminoglycoside-modifying enzymes (6, 11, 18) . High-level gentamicin resistance also correlates with a lack of bactericidal synergism between penicillin and an aminoglycoside against such strains (18, 20) . In this study we investigated the emergence of high-level resistance to gentamicin in S. faecalis at the University of Michigan Hospital and describe the heterogeneity of plasmids mediating such resistance. The plasmids from these isolates were characterized and compared based on antibiotic susceptibility, transfer characteristics, hemolysin properties, and restriction enzyme analysis.
MATERIALS AND METHODS
Bacterial strains and susceptibility testing. The organisms used as donors were clinical isolates of enterococci, which were obtained from patients hospitalized at the University of Michigan Hospital from November 1981 through October 1984. Strains from all patients with high-level gentamicinresistant S. faecalis infection (MIC, >2,000 ,ug/ml) hospitalized during this period were examined. Isolates were presumptively identified as enterococci by using bile esculin agar and growth in 6.5% NaCl. All strains listed in Table 1 * Corresponding author.
were tested further by fermentation tests as well as by the API-DMS Rapid Strep system (Analytical Products, Plainview, N.Y.) to differentiate species of group D enterococci (21) . All strains were S. faecalis when identified to the species level.
Specimens were cultured on brain heart infusion (BHI) agar or broth (Difco Laboratories, Detroit, Mich.) and 5% horse blood-BHI agar. Clinical isolates were stored at -20°C in BHI broth mixed 1:1 with glycerol. All isolates demonstrating gentamicin (Schering Corp., Bloomfield, N.J.) resistance by microtiter susceptibility testing (22) were confirmed as exhibiting high-level resistance by agar dilution. The antibiotic concentrations used in the selective media for matings were those described previously (9) , except that gentamicin was used at a concentration of 2,000 ,ug/ml. Microtiter susceptibility testing of strains to amikacin and kanamycin (Bristol Laboratories, Syracuse, N.Y.), ampicillin (Wyeth Laboratories, Philadelphia, Pa.), netilmicin (Schering), spectinomycin (The Upjohn Co., Kalamazoo, Mich.), streptomycin (Sigma Chemical Co., St. Louis, Mo.), tobramycin, and vancomycin (Eli Lilly & Co., Indianapolis, Ind.) was also performed.
Mating procedure. Transferability of resistance markers was examined by using filter matings, as described by Forbes and Schaberg (9) , and by broth matings, as described previously (12) electrophoresis by a lysozyme-pronase-Sarkosyl (CIBA-GEIGY Corp., Summit, N.J.) procedure described by Macrina et al. (16) . DNA was analyzed by agarose gel electrophoresis on a vertical slab apparatus, as described by Meyers et al. (19) . Purified plasmid DNA was obtained by the method of Yagi and colleagues (24) . The sample was centrifuged to equilibrium in an ethidium bromide-cesium chloride buoyant density gradient, as described previously (24) . Plasmid DNA was then removed and dialyzed against 10 mM Tris (pH 7. Results of single-well microtiter MIC with gentamicin at a concentration of 500 ,g/ml were in correlation with those of an agar dilution MIC of 2,000 ,ug/ml, and this procedure is now used to screen for resistant strains.
All 48 strains resistant to gentamicin were also highly resistant to amikacin, kanamycin, netilmicin, streptomycin, and tobramycin. All isolates were susceptible to spectinomycin, with MICs ranging from 16 to 62 pug/ml. There was a single isolate with an ampicillin MIC of 16 ,ug/ml. All other isolates were susceptible to ampicillin and were inhibited by <4 ,ug of ampicillin per ml. All 48 isolates were inhibited by less than 6 jig of vancomycin per ml. Of 48 strains, 16 were beta-hemolytic on horse blood agar.
Comparative analysis of the plasmid transfer characteristics, phenotypes, and molecular sizes is shown in Table 1 .
Transfer studies were performed on all 48 strains that were resistant to gentamicin. Of 48 strains, 44 transferred gentamicin resistance on filter membranes; 38 transferred gentamicin resistance after 6 h and an additional 6 isolates transferred gentamicin resistance only after a 24-h mating was performed. Transfer frequencies ranged from 4.7 x 10-2 to 4.1 x 10-8 on filter membranes. The transfer frequencies of isolates that transferred gentamicin resistance at 24 h ranged from 1.5 x 10-7 to 4.7 x 10-8. Results of filter matings with transconjugants as donors demonstrated that gentamicin resistance can be transferred into second recipients at similar frequencies. The transfer of gentamicin resistance was by conjugative plasmids in all instances but one. Plasmid pAM862 was nonconjugative but mobilizable. pAM862 was mobilized by a second plasmid that coexisted in the same strain which mediated hemolysin production. Novobiocin curing of the hemolysin plasmid from SF762 resulted in loss of ability to transfer gentamicin resistance when second matings with pAM862 as a donor were performed. Of 48 strains, 36 cotransferred chloramphenicol, erythromycin, streptomycin, or tetracycline resistance on filters. Eight isolates transferred high-level resistance to gentamicin alone. There were seven isolates which transferred the property of horse blood beta-hemolysis along with gentamicin resistance.
Donors and transconjugants from 30 strains selected on the basis of similarities in phenotypic and transfer characteristics were analyzed by agarose gel electrophoresis for plasmid content. Dye-buoyant centrifugation analysis demonstrated that all donor and transconjugants showed the presence of DNA satellite bands. All donor isolates that were examined contained two to three plasmids. The transconjugants that were examined contained from one to three plasmids. Transconjugants which contained more than one plasmid were subjected to secondary matings to determine the self-transferability of the gentamicin resistance plasmid. Based on donor and transconjugant antibiotic resistance markers, agarose gel electrophoresis, and transfer properties on filter membranes, the plasmid content of transconjugants was phenotypically heterogeneous and could be classified into at least seven different patterns (Table 1) . These plasmids were designated pAM860 through pAM866 and were further evaluated by broth matings and restriction enzyme studies. Six of seven isolates transferred gentamicin resistance from the parental strain to strain JH2-2 when broth matings were performed (Table 1) . Plasmids pAM860 and pAM863 transferred at a relatively high frequency. Plasmids pAM864 through pAM866 transferred poorly in broth, and pAM861 only transferred gentamicin resistance when the mating was carried out on a filter membrane. Plasmid pAM862 was transferred in broth when mobilized by a conjugative hemolysin plasmid.
The restriction digest patterns for EcoRI of these seven plasmids are shown in Fig. 1 . There were no apparent VOL. 30, 1986 ANTIMICROB. AGENTS CHEMOTHER. common fragments when transconjugants were digested with either EcoRI or HindIII. Plasmid molecular sizes ranged from 49 to 124 kilobases (kb). Plasmid pAM860 had a molecular size of 111 kb and had 12 EcoRI-generated DNA fragments. Plasmids pAM861 through pAM866 had molecular sizes of 49, 63, 76, 67, 124, and 54 kb; and the number of fragments generated by EcoRI were 6, 9, 10, 9, 11, and 6, respectively. Plasmid pAM864 was common to strains from 10 patients who had been clustered in a single surgical area, and pAM861 was found in two earlier isolates of S. faecalis from separate patients who had been hospitalized in a burn unit at the same time. Pasteur (6, 11) . This resistance was shown to be plasmid mediated, and subsequently, reports of transferable resistance have been made from many parts of the world, including the United States (18, 20) . At the University of Michigan Hospital, high-level gentamicin-resistant strains have been encountered with increasing frequency since 1982. Currently, 13% of all clinical isolates of S. faecalis at the University of Michigan Hospital express levels of resistance to gentamicin of greater than 2,000 ,ug/ml.
DISCUSSION
High-level resistance to gentamicin has been associated with resistance to all other clinically available aminoglycosides. It also correlates with a lack of bactericidal synergism between penicillin or vancomycin and an aminoglycoside against such strains (18, 20) . Plasmid-encoded high-level resistance to gentamicin and resistance to synergism is mediated by aminoglycoside-modifying enzymes. Biochemical studies have shown that there is variability in the enzymes that are produced. Courvalin and co-workers (6) described a strain of S. faecalis (BM4100) that was resistant to high levels of gentamicin, kanamycin, and structurally related antibiotics, but that was susceptible to streptomycin. The genes conferring resistance to aminoglycosides in this strain were carried by a plasmid, pIP800, which was selftransferable to other S. faecalis strains. The aminoglycoside resistance was mediated by constitutively synthesized phosphotransferase and acetyltransferase activities. It was inferred that phosphorylation occurred at the 2"-hydroxyl groups and that acetylation occurred at the 6'-hydroxyl group of the aminoglycosides. Mederski-Samoraj and Murray (18) showed that self-transferable elements in three strains of high-level gentamicin-resistant S. faecalis encoded four aminoglycoside-modifying enzymes: a 3'-phosphotransferase transferred from two strains, a 2"-phosphotransferase and a 6'-acetyltransferase transferred from all three strains, and a streptomycin adenylyltransferase transferred from two strains. In a more recent study, Combes and co-workers (5) described a clinical isolate of S. faecalis which was resistant to high levels of all aminoglycoside antibiotics except spectinomycin. The aminoglycoside resistance in this strain was mediated by constitutively synthesizedphosphotransferase, acetyltransferase, and adenylyltransferase activities. Phosphorylation occurred at the 3'-, 5"-, and 2"-hydroxyl groups; acetylylation occurred at the 6'-amino group; and adenylylation occurred probably at the 6-hydroxyl group of the aminoglycosides. The variability of the enzymes that were produced suggests that several different genetic determinants may be involved. In this study biochemical studies were not performed, but all strains were phenotypically similar in their resistance to the aminoglycosides tested.
Plasmids determine a variety of different functions in S. faecalis, and some clinical isolates have been reported to have as many as six plasmids (2, 7, 10, 23) . All of the gentamicin R plasmids that we examined except one were self-transferable. Nonconjugative plasmids mediating resistance to erythromycin, kanamycin, streptomycin, and tetracycline have been reported previously (2) . The frequency of resistance transfer and the resistance markers cotransferred with gentamicin was heterogenous. Plasmids pAM864 through pAM866 were similar to plasmids such as pAMP1 and pIP501 which transfer poorly in broth and, in general, require that mating be carried out on filter membranes. Plasmid pAM862 was mobilized by a conjugative plasmid similar in properties to pADl and pAM-y-1, which transfers well in broth as well as on filter membranes. Plasmids pAM860 and pAM863 transferred at a relatively high fre-80 ZERVOS ET AL.
quency when broth matings were performed. Cell-to-cell contact for these plasmids, as exemplified by pAD1, makes use of a response on the part of the donor to substances which have been termed by Clewell and co-workers as sex pheromones (2, 3, 8) . Pheromones are substances secreted by the recipient strain which induce certain donor cells to become adherent and to aggregate with the recipient (2, 8) .
The majority of strains transferred gentamicin resistance on filter membranes after 6 h; however, we observed isolates which transferred high-level resistance to gentamicin only after a 24-h filter mating was performed. The mechanism by which certain strains transfer gentamicin resistance only after a 24-h mating is performed is unknown. Of all the isolates studied, 17% transferred resistance to gentamicin alone. All resistance markers and markers for hemolysin production were cotransferred in various combinations from the other isolates. We identified seven different gentamicin R plasmids based on transfer characteristics, donor and transconjugant antibiotic resistances, and restriction endonuclease patterns, with plasmids ranging in size from 49 to 124 kb. There were no common fragments observed in restriction digest patterns for EcoRI and HindIII. The molecular weights of conjugative plasmids encoding gentamicin resistance in this study appear to be different from those reported for enterococci from other hospitals. Plasmid sizes in enterococci range from a few megadaltons to as much as 76 megadaltons (2) . Most plasmids in S. faecalis are smaller than 40 megadaltons. Sizes of plasmids mediating resistance to aminoglycosides that have been reported previously range from 15 to 76 megadaltons (1, 2, 6, (11) (12) (13) (14) (15) and are generally smaller than plasmids obtained in this study. The restriction digest patterns are apparently dissimilar from R plasmids from other hospitals that mediate resistance to streptomycin, kanamycin, and neomycin (4, 6, 14) . When digested with EcoRI and HindIII, plasmids pAM860 through pAM866 also appear to have different restriction patterns from pIP800, which has a molecular size of 70 kb and encodes resistance to gentamicin and kanamycin but not to streptomycin (6) .
Resistance to gentamicin appears on a variety of physically distinct plasmids in clinical isolates of S. faecalis. The relatedness of the genetic determinants requires further study. Given the selective presence of antimicrobial therapy and the transferable nature of gentamicin resistance, we anticipate that high-level gentamicin-resistant enterococci will be encountered with increasing frequency.
